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ABSTRACT 


Good mannal controls design is one of the primary 
means of improving the efficiency of machine operators, One 
of the rost important factors to be considered in the es- 
tablishment of a basis for an objective comparison of 
different designs is the physical demand mado by each upon 
the wrker. 

Trae purpese of this experiment was to determine 
some of the fectors mking for minimum humen effort require- 
ments in the operation of a particular type of eontrel =-- 
the handwheel,. 

To Garry out tue study, a tesk was established and 
an experimental work station built which permitted an opera- 
tor to turn handwheels overcoming pre-adjusted resisting 
ter que s, 

tuantitative data on effort expenditure rates was 
obtained throug: the use cf a Sanborn: ELG Metabolism Tester. 

Tne task eonsisted of the operator tuwraing the 
handwheels, using both hands, st a metronome-controlied tempo, 
The varisbles introduced were: (1) size of the haniwheel, 
and (2) work lead, 1.e., resisting frictional torques. Jizes 
ranging from 4 to 1¢ inches (diameter) were used. 


The results of the investigation, in which seven 


subjects were tested, disclosed that to overcome torques in 
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the range investigated (10 to 60 inch-pounds), using the 
method specified, the larger handwheela are more effective. 
For the torque range between 30 and 60 inch-pounds, little 
effort is saved dy using diameters higher than 10 inches, 
For torques in exoess of 45 inch-pounds, handwheels of 
emaller diameters than 7 inehes are umesirable, and for 
torques below that level the minimum limit is at 5 inches, 
A secondary purpose of this experiment was to 
investigate tie suitability of using the sanbvorn £18 Meta- 
bolism Tester for studies involvim relatively high levels 
of energy expenditure, The results demonstrated its use- 


fulness under these conditions. 
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EFF GOT OF ILE OF MANDWMIRELS 
OM EFFORT REQUIRED FOR ROTATION 


INTRODUCTION 

Almost every industrial engineer is aware of the 
necessity of better designs of manual controls. Although 
improved machinery, in general, has succeeded in reducing 
direct operating cost, it is not uncommon to find new 
machines, mechanically perfect, in whieh efficient opera- 
tion is hendicapped by unsultable gontrol devices. Atten-~ 
tion has thus far been focused largely on the degign of 
the machine itself, consideration of the system operator- 
machine bveing, usually, overlooked. As a consequence, the 
basic linkages of the system ~~ the control devices -- do 
not match the human requirements. Thies situstion is, in 
part, justifleble in view of the absence of organized data 
on the subject. The {fsesue ia by no means a new one. As far 
back ag 1926, the problen was presented for consideration of 
direetly concerned organizations’. But the main questions 
atill resain unanswered, <Attemnts to solve the probiem have 
been rare, and the resulting information is sparse, and 


besides some studies done during the last war and simed 


1. Weston, He. Ge. and Legros, I. Ae, “On the Design of 
Wachinery in elation to the Operator”, industrial 
Fatigue Researe: Board, Heport 56, London, 19f6. 
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toward specific applications” **, it ecnsiste of ea few 


articles lost among the pages of teohnieal magazines**®, 
In these experiments, the minisum time was used, alzost 
invariably, as the optimizing eriterion (one investigator 
vased his results on the expressed preference of the op- 
erators). In spite of the fact that, for manual work, 
least time and least effort are often synonysous, it might 
happen, for a particular situation, that use of the eriterion 
of minimum time will constitute a further disregard of human 
cheracteristics. It must be pointed out that at least some 
of these experiments involved short duration tasks, perhaps 
offering an opportunity for over-exertion, without notice- 
eble fatigue. If we define an easy operation as cone that 
the normal worker oan do steadily for relatively long 
periods, it seems that minimum physical demend would be a 
much better criterion. 

Among the control devices the popularity of the 
hendwheels is unquestionsble. Handwheels are almost always 


2. "“Fayehological sesearck on Equipment Sesign", epert ho. 
19, Army Air Forees, Aviation Ysychology Hesearen Reports, 
Maited by raul BM. Fitts, U.G. Government frinting Office, 
1947. 


3. "Factors Determining Accureey of Traeking dy Means of Land- 
wheel Controls", Foxboro Go. to Division 7 National Defense 
Research Committee, 0.5.kD. xeports 5451 to 5455. 


4. Raines, 4. and Rosenbloom, 7. H., “Ideal Torques for Hand- 
wheals and Knods", Machine Desig, August, 1946. 


Se Davis, Lede, “human Factors in Desig of Sanual Keehine Con- 
trols”, H 


iy th Epuineering, Qetober, 1949, and “Seleet- 
ing Menual Vontrola", Machines Design, November, 1951. 













ee YY certo Dmaevse eae we Saad 
ote make Set wate beer wid To edi ot «| 
dale 61 sommyny aor xy Gwitts Moni ben mal 
Senpepiye mas 34 wae ance ‘inn 
eee De Pel Se wy © sere Hw ve Lite mls seni mse 
COS PEG Fe Fads Pe Ue taicy 04 Brug 71 nt 
RAPEINE GEUBEE AOLIVTOD FIMO A COV. pre) SY eERIIE RES pq To 
“Welsee THESIS ,b0 12 Fekete Te Ve) Chee ¥e yh oe be TW 
ee ee a er 
Bae Uhov ise ie 1h Vithsede Ch wd ines seen oS 
(oo ore penne nen yx: 
—— - aelwsice series teem 
siidietiiidens wit inlentsbeeen athe, 
mynrie gemle ote eiseetaws a) icnedtewm ous wl aiwedebom 


re Es BETTE 
a tao Sree ee ls 





































nee Oa | 4 \ .secSheeed bos adult 
i ferme a tl hace "tae ame > 
ped 5B 
—ttetie” 





present wherever a man-controlled motion of a piece of 
machinery is required. The present investigation is econ- 
cerned with the human effart required to operate such 
handwheels under certain conditions, 

Factors such as size, height, angle of position, 
required speed of rotation, torque load, ete., have an ine 
fluence on the expenditure of energy of the person operating 
the handwheel., In this experiment the variables introduced 
were: (1) slze of the handwheel and (2) torque load. The 
other controllable factors were beld constant. 

Beginning with the work done by Tilies®, demon- 
strating thet a standard medioal metabolism tester could 
successfully disorinxinate between simil changes in humen 
energy output, a series of experiments using the metabo- 
lator followed. The research covering a variety of subd- 
jects; thus, thia equipment was used in the determination 
ef optimum work area angles, in the evaluation of differ- 
enees on one-handed varaus two-hended work, in the deter- 
mination of time allowances, eto. 

Although this technique is still in the experi- 
mentel phase, the quality of the results obtained in this 
6. Tilles, 5., "An Investigation of the Juitability of the 

Sanborn EIS Metabolism Tester to Basie Yotion Jtudy 


Experimentation”, Master of science Thesis, i urdue 
University, Lafayette, Indiana, 1949, 
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previous work leads to the choice of the Sanborn metabo- 
lator as the effort measuring device, 
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PURPOSE 


The primery purpose of this investigation was 
to appraise through the use of a mtabolisn teater the 
effect of size of handvheels on the muscular effort 
required for rotation in overcoming different torques. 

A secondary purpose was to investigate the 
suitability of the sanborn BIS Metabolisn Tester to ex- 
periments involving the measurement of relatively high 


rates of oxygen consumption. 
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The experiment was conducted et the Metabolic 
Jection of the -otion and Time Laboratory, using the JSan- 
born Elo hietabolion Teater. 

To carry out the purpose of the study, a tesk 
was establiahed and an experimental work station built 
whieh permitted an operator to turn handwheels overcoming 
pre-ad justed resisting torques (Figure 1). 

The determination cf the number of subjects was 
governed by the time available for running and calouleting 
the experiment. It was decided that eight operators would 
be used. One of the operators was unable to complete the 
runs. The operetors were male college students having no 
visible injuries in thelr hands or arms. No attempt wag 
made to select subjects of a given range of size or age. 
Data on operators’ heights, aces, weights ani elbow heights 
appear in Table 1. Each subject reported for five one-hour 
sessions on different days. No attempt was mde to rmgulate 
the outeide astivity of the subjestes during the period in 
whieh they tock part in the oxperiment. The sthedule of 
teat seasions is shown in Table 2. 

During each session, the subjects were tested on 


the Sanborn metabolator six separate times, onee under the 


no-work condition -- basal <+- ond the other five while per- 


forming the task. Only the subfect and the experimenter 
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were present at the test rom. This care was taken to 
avoid distracting influences which might have affected 
the metabolic rate of tho subject. 

Before the experiment, each operator was given 
a short explanation of the purpose of the test, the nature 
of the equipment and detailed instructions about the task 
to be performed. 

This task consisted of the turning of the hand- 
wheels by the subject, in the atandin; position facing the 
heandwheel. The wheel rim was grasped with both hands at 
the ends of the vertical diameter, the right hand at the 
top (Figure 2). A 180° clockwise motion wes impressed, and 
the wheel released at points diametrically opposed to the 
initial grasping position, The hends were then posal tioned 
for the next grasp, following the rim counter-elockwise 
without touching it. The eyole was then repented. The 
tempo for the motions was given by a nsetronome, eet at 
sixty beats per minute. The pattern was: first beat — 
grasp ond turn; second beat — release and position. 

The distance from the operator to the handwheel 
was guch that, with the arns extended to the front, the 
finger tips reach approximately 12 inehes beyond the hand~ 
wheel . 

The shaft of the handwheel was approximtely in 


the same plane as the operater’s body center line. 
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Based on Behl's work’, from whieh he eoneluded 


that fr a sizple task the energy expendi tare rises repidly 
during the first minute of performence and does not change 
significantly for the next 64 minutes, a three-minute 
period was establianed far the task, the oxygen consumption 
being recorded during the last two minutes, According to 
Behl, his results would also indicate that rest periods 
need not be used once the experiment has commenced, if all 
readings can de obtained within one hour, This reason con- 
tributed to the decision of limiting the duretion of the 
sessions to one hour. 

in order te bring the subject's gnsecus exchanges 
to a lower and more stable level, they were required to lie 
on a cot am have a short rest st the beginning of the 
SOS310N- 

For all sessions, the procedure was the One siown 
in Table 5. 

It was decided, after an examination of several 
machine handles manufacturers’ catalogues, to test only 
handwheels of sizes ranging from 4" to 14". Aoeordingly, 
the following five atandard sizes were selected; 4", 5", 
7, 10" and 14". 

7. Behl, Je He, "Determination of the Effect of rerforming 
a Simple Tesk Over a j’rolonged Period on the Rate of 


Energy Expenditure”, aster of Jelence Thesis, Purdue 
University, Lafayette, Indians, 1951 
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Data on weights of the handwheels is found in 
Table 4. 

Considering the tive-oonsuming nature of the ex- 
periment, only five resisting torques were used; namely, 10, 
15, 30, 45 and 60 ineh-pound. 

For reasons cf simplicity, the torques and hand- 
wheels were numbered from one to five, in the order of 
inereasing torque values and diameters, respectively. The 
combination of torques and handwheels cave twenty-five 
different testing conditions. The value chosen for the maxi- 
mum torque (60 inoh-pounds) is such as to make all testing 
conditions feasible. 

These twenty-five conditions were distributed 
among the five sessions in wiich each opsrator’s schedule 
was Givided. According to Thorson’, there are no signifi- 
eant differences in oxygen consumption rates between iden- 
tical rung mde on different days; his sonelusions would 
also seen to indicate that consistent differences should be 
expected from runs, under different conditions, performed on 
different days. Besed on these reasons the five-session 
schedule was adopted. 

To avoid any adverse effect due to the order in 
wiich these conditions were presented, the order of pre- 
sentation, for each subject, was randomized. This 
8. aes, Be Je, "A Metabolie Investigation of One-Kended 


Veraus Janded Work", Manter of Selence Thesis, Purdue 
University, Lafayette, Indiana, August, 1951. 
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randomization was secured by the use of the Tables of 
Random Yiumbers of Kendall and smith’, The order of presen- 
tation of the testing conditions appears in Table 5, in 
this table, the conditions are numbered in the following 
way: the first digit represents the torque, and the second 
represents the handwheel. 

in addition to the Janborn ZIS Metabolism Tester 
(Figure 3), the equipment of the work station eonsgisted of: 
(a) the handwheel shaft supported 44" above the floor by 
two bronze bearings fastened to a wocd frame. The resisting 
torque offered by the shaft was obtained by a friction brake 
arrangement, composed of: a brake drus, a wood cylinder 
mounted in the shaft, a nylon band anrlied to the rim of the 
brake drum, two spring scales attached to the ends of the 
nylon band, and two turnbuckles attaching the top ends of 
the spring scales to the frane, end permitting the variation 
of the tension of the band, and, therefore, the friction be- 
tween the brake band and the brake drum (Figure 1). 
(b) A standard metronome. 


(oc) The set of five handwheels (Ficure 4). 


9. Arkin, HK., and Colton, X. Re, “Tables for Jtatistiocians", 
Barnes & Noble, Ine., New York, 1950, pp. 142-145. 
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Table 2 

REIGHTS, WEIGHTS, AGES, AND ELBOW MZIGHTS OF WBIRCTS 

HO. Subject Beicht feisht Age Sibow Leight 
1 Dix, J. 6fi" 210 24 3'gn 

2 Doolittle, R. H, 5°11” 165 35 3'6" 

3 Geile, A. J. §'10" 160 20 3'7Q" 

4 Griffith, 7. He 5*'7§* 163 26 gt7e 

5 WMarkoe, K. Me 6'0" 175 20 3's" 

6 Gurver, R. Le 5'g" 185 24 3'S6g" 

7  Refsum, He 6'2* 190 £4 3°10g" 
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0-10 


10-11 


11-15 


15-20 


20-235 


20728 


51-356 
356-59 
39 ~44 
44-47 
47-52 
D255 
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PROCEDURE FOLLOWED DURING THE SESSIONS 
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Agtion 
Operator relaxing quietly on a cot. 
Just prior to the end of the period, 
the operator got up and took position 
at the work area. The mouth piece and 
nose clamp were adjusted in position. 


Operator inactive, breathing ambient air 
through the metabolator. 


Without knowledge of operator, the oxygen 
was turned on and a basal rate was re- 
corded, 

Operator disconnected from equipment and 
resting; prior to the end of this period 
he was again connected to the equipment. 
During this resting period the metabo- 
lator was re-charged, the handwheel was 
changed and the torque adjusted. 

Operator porformed the first run, breath- 
ing ambient air during the first minute 
and oxygen during the last two minutes. 
The oxygen consumption was recorded. 
Resting period, same as 15-20 minutes. 
Second run, same as 20-235 minutes. 
Resting period. 

Third run. 

Resting period. 

Fourth run. 

Resting period, 


Fifth run. 
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2.0 lbs. 
4.7 lbs. 
10.0 lbs. 
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Table 5 
ORDER OF !RUSENTATION OF THE COMBINATIONS 
OF TORQUES AID hANDAHEELS 
Operators 
~ = 2. » © oh 5 6. aus 
2~§ 54 5=5 2-1 d-1 32 4~1 
5-1 2-5 1-1 1-2 1-3 3=3 1-3 
1-2 2—4 5<5 1-4 3-8 4-2 4-5 
55 1<2 3~1 2-5 g-2 4~3 35 
1-5 4-5 2-2 5=5 2-3 1-2 25 
2-4 1-1 4-2 1<3 2-4 l-1 3-1 
3-1 3-2 1-2 g-1 2-5 1-4 4-4 
5-2 4-2 2-5 54 1-3 R=} 23 
3-5 5=2 4-1 3-3 4-2 3-4 5<5 
1-3 2-2 5-2 24 5<3 53 3=4 
4-4 4-4 5<] 4~1 4-4 2-4 3-3 
1-4 1-3 Bank B=3 1-5 1-3 3-2 
4-2 1-5 2-3 3-5 3a4 1-5 1=4 
Bad 4-3 1-4 4~3 4~1 4-5 5-4 
1-1 5-5 3=5 5<3 3-3 2-2 4-5 
4-3 2-3 B= Rk 5 <5 5-4 1-5 
5~3 4ol 3-3 5-1 3=5 5-5 1-2 
Re] S=5 1-3 4—4 3-2 5-1 ReL 
4-5 3-1 al, 3~4 Sad 5-5 l-l 
4-1 3=3 S=4 4n8 5=2 B35 5-1 
5—4 R~1 1-5 isi 2-1 £-5 R-4 
3-2 5=3 4~5 5~2 1-2 Bak 2=1 
2-2 5-1 4nd 1-5 3-1 5-1 5-2 
Lo3 3~4 5<2 4-5 4=%5 4~1 4-2 
3=5 14 4-3 Sek Se 4n4 5<3 


NOTE: The first nuxnbsr represents the torque; and the 
second the handwheel. 
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Figure 1 
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Figure 3 


Janborn EL3 yetsadolisy Tester 
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Tables 6 to 10 oontain a summary of the data ob- 
teined. In these tables the rate of oxygen consumption is 
expressed as the slope of the line of least squares fitted 
to the raw data appearing in the wax charts. The raw data 
upon the wax charts appear as a number of almost vertical 
lines representing the subjecta' inhalations md exhala- 
tions. The peak points give an indication of the emount of 
oxygen not yet ccnsumed by the subject. Therefore, the rate 
at whieh oxygen is ccragumed is given by the struight Line 
fitting these peak points. All points appearing during the 
two-minute testing interval were used te fit the line of 
least squares. A sample chart and a sample caleulation of 
the slope are eontained in the Appendix, 

The raw data for this experiment have been filed 
in the Purdue Motion end Time ctudy Laboratory. A presenta~- 
tion of the overall mean slopes for each experimental con- 
dition appears in Table 12. The95% confidence interval of 
these means is shown in the adjoining column of this tabdle. 

Assuming that these data followed the sormal dia- 
tribution with homogeneous veriances, analyses of variance 
Were made. 

The slope values corresponding to each individual 
torque were snalyzed and a summery of results appears at the 


bottom of the eorresponding table, 
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For terque 10 ineh-pounds, Table 6: 

subjects’ means were significantly different et 
1% level. 

handwheel means were not significantly different. 
For torque 15 ineh-pounds, Table 7: 

sudjects’ means were significantly different at 
14 level. 

handwhieels’ means were significantly different at 
1% level, 

For torque 30 inch-pounds, Table &: 

subjects' means were signifiomtly different at 
1k level. 
handwheels' means were significantly different at 
1% level. 

For torque 45 ineh-pounds, Table 9: 

subjects’ meane were signifie antly different at 
1% level. 

handwheels’ means were signifieantly different at 
1% level, 

For torque 60 ineh<-pounds, Table 10; 

oparatorat meens were not signifiecently different. 
handwheel s' means were slgniflecantly different at 


1% level. 


@ lore ,etuege Ot) OL aayers not 

TP TD Verret ears eee cares Jeezeiom wet 4) 

> ei Gage on ame <q Gee A 

CormTLld Usneeliingie foy etm exgmm Geowhand oc (¢) 

ae ae SE rest ES wetm... « 

Ge dusawth is yideapitiagio ows amas ‘esvetden acy (a) 
ie teret 41 af# 

















eee Ste le ef) ll) Ln ney | 








_ | ofetel I ad 

i dowtstt ls (itdeettiag ls Ovew Gute! \cteeieiet eet Te) 
— — —e o 8 « ° : rau sa 
- fol SL4eT eee met  averor wt 


otemeertl S yesh Ad rely ialed “meee ec? ial 
‘28 SerietSth HUARD Adv idee oe etan ot fi 
ehoval af ow 





The analysis of the data as a whole gave the 

following results (Table 11): 

(a) The handwheels' means were significantly different at 
the 1% level. 

(>) The differences between the torque means were very 
significant. 

(ce) The operators’ means were sot significantly different. 

(4) The interaction between handwheele and torques was 
significant at the 1% level. 

(e) The interactions betweer handwheels and operators, and 


torques and operators, were significant at the 5% level. 


A plot of the observed mean slopes versus the dlemeters of 
the hendwheel is shown in Figure 5. 
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Table 12 (cont. ) 
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DISCUSsION OF HEVULTS 

The previous work with this equipment involved, 
always, low levels of gaseous exchanges; therefore, its 
use at relotively hign levels, as was the case of most 
eonditions of the present investigation, might be question- 
able. One objection might be t.e possible limitations in 
the capseity of the onrbdon dioxide ebsorber (Metabolime). 
This condition woud cause errors that would inerease with 
increasing oxygen consumption rate. Nevertheless, the 
testing conditions were such as to require substantial 
differeness of oxygen consumption; hence, even in the 
presence of errors in the absolute values of the rates, 
the trend of variation of these rates is fairly well de- 
fined. 

Unreliable data would also result from testing 
situations demanding muscular over-exertion. It is a well 
known fact that a hard-working musele will reqiire more 
oxygen than can be brought to it by the blecd stream. How- 
ever, it keeps on working in e fotigue condition and ineurs 
what is called an oxygen debt. The oocurrence of this ex- 
treme condition would invalidate the basic assumption of 
proportionality between the effart output end the oxygen 
consumption. This would show up in a tendency of the sec- 
tion of the plot eorrespondi x» to high terques and smali 


handwheels to stay below a certain maximum slope with the 
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resulting confusion of tne lines corresponding to the various 
torques. The spreading of the graph lines for increasing 
torques and decreasing sizes seems to be a goud indiestion 
that the levels of effort tested were well below the ones 
that would cause oxygen debts. 

lt was the intention of the experisenter to use the 
basal rates, taken for esch seasion, as a reference level for 
the task rates of the sme session, thus, partially, elimina-~ 
ting possible variations due to fluctuations of subject's 
physical eonditions. This basal rate was obtained recording 
the subject's oxygen eonsumption while he was in a standing 
position, without motion of any dedy member, The original 
{dea was to find the difference between rates corresponding 
to the two conditions: (1) standing motionless, and (2) 
standing performing the tuak. it was noticed, Kowever, with 
some operatorg, that the motioniess eondition was such as to 
cause irreguleritios in the basal breathing rate. It seemed 
that in the absence of something elae to concentrate upon, 
these operators betame what oan be called breathing-conscious, 
and tried to contr] their inhalations ani exzhalaticns. Com- 
plaints about the difficulty in dDreathing pure oxygen followed 
these runs, It mut be said that these diffieulties disappeared 
in the ease of task-runs, In order to distract these opera- 
tors, and ainimize this effect, they were told to foliow 


menteliy the matronome beats, by counting or otherwise. This 
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resulted in summwhet smoother charts. 

\wother difficulty was the easily detectable in- 
crease in the slope that uppeered im some basal runs. These 
increases were aceentuated efter the firet tw sinutes of 
the recording period. The oecurrence of these imreases 
might be expleined by an increasing cemend cf oxyger due to 
the standing attitu@le elone. as an stteapt to overcone 
this diffieulty, the basal slopes were computed using only 
the two first recorded minutes. 

43 @ third consideration, the comparison of the 
basal slopes with the cnes corresponding to the low-torque 
runs showed very small differences, perhaps smaller than 
the error inherent in the equipment. 

Due to the above reasons, the bagal rates were 
abandoned as a whole, and the task slopes were used wth no 
further consideration of reference levels. The lack of sig- 
nifieant differences among operators, as siown by over-all 
enalysis of variance, may serve as an additional justifica- 
tion fcr this action. 

The data were not ocrrected for atmospheric pres= 
sure and temperature, the effeets of these factors being 


negligible. 
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It may be concluded from the data obteined in this 
experiment that to overcome torques in the range investigated, 
using the method specified, and with operator energy expen- 
diture as the criterion, the largerhandwheels ure sore 
effective. 

Inspection of the torque graphs (Figure 5) indi- 
cates that for the torque range between 30 and 60 inch-pounds 
little is gained by going beyom the 10 inch diameter. 

For torques in excess cf 435 in pounds, handwheels 
of smaller diameter than seven inches are uniesirable, and 
for torques below that level the minimum limit can be taken 
as 5 inches. 

Yor a torque of 15 ineh-pounds, the existenee of 
a minimum indicates that the optimum handwheel diameter is 
in the neighborhood of 7 Lnehes. For the 350 inch-pounds 
torque, a not-so~striking minimum can be noticed at the point 
corresponding to the 1C inches handwheel. 

Lven though the statistiesl] analysis of the date 
corresponding tc the 10 ineh-pounis torque shows no signifi- 
gent differences, a glance at the plot indicetsas e slight 
tendency of the slope to imerease with the diameter; and, one 
might edvance the conelLusion that to overeome very low tor ques 


small hendwheels should be chogen. 
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“hat has bees referred to as the secondary pur- 
pose should be real velue to other experimenters using the 
same enuipment. 

The results obtained in this experigent indicate 
that the Sanborn EIS Metabolis= Tester can be accepted as 
a device for meosuring hupan energy at reasonably high 
output levels. 

The foregoing eonclusions are in general agree- 
ment with the findings of Fichman’®, who performed a similer 


experiment. 


16. Fichmen, . T., “The Effect of Diameter on the Effort 
Required to Sotate Nandwheels Used ag Cranks", Unpublished 
Master of Jcleneca Thesis, rurdue University, Lafayette, 
indiana, 1952. 
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